Megasplay fault branching from plate boundaries of subduction zones is thought to be important sources of earthquakes and tsunamis. In this study, we performed structural and geochemical analyses on a fossilized megasplay fault (the Nobeoka Thrust of the Shimanto accretionary complex) to understand fluid-rock interaction and how the splay fault plays a role in fluid flow in the seismogenic zone. As a result of structural observations, we report that the principal slip zone (PSZ) of the Nobeoka Thrust is composed of foliated cataclasite originating from a sandstone-shale mélange and includes a thin (~1.5 mm thick) pseudotachylyte layer. Major and trace element composition analysis and EPMA element mapping revealed that the pseudotachylyte is enriched in Li and Cs within the PSZ, as well as in the slip zone of a minor fault in the footwall. Li and Cs enrichment in pseudotachylyte is interpreted as a result of fluid-rock interaction in the postseismic stage, because such an anomaly only results from a large fluid/rock ratio (R > 512-24 at 250-350°C) under the influence of Li-and Cs-enriched fluids. The amount of fluid that reacted with the pseudotachylyte is estimated to be 1.78 × 10 0 to 7.61 × 10 3 m 3 .
Introduction
Megasplay fault branching from plate boundaries is thought to be one of the origins of subduction zone earthquakes. For example, the megasplay fault of the Nankai Trough was the source of the 1944 Tonankai earthquake and the associated tsunami (Park et al. 2002) . In order to understand the mechanism of the occurrence of earthquakes and tsunamis, it is important to understand the factors involved in the weakening of a megasplay fault and the change in fault properties before and after the earthquake.
The role of fluid has been discussed as one of the factors controlling the seismic cycle and fault weakening. Sibson (1973) proposed thermal pressurization as a factor in dynamic fault weakening during an earthquake. From theoretical and experimental investigations (e.g., Mase and Smith 1987; Rice 2006; Bizzarri and Cocco 2006) , thermal pressurization is assumed to be one of the factors that causes a dynamic fault weakening at the time of an earthquake. Furthermore, Sibson (1975) proposed a seismic pumping model, i.e., fluid flows into cracks formed by faulting within a high pore pressure zone. Such fluid flow occurs every time faulting occurs.
In the off-Kumano area of the Nankai Trough, megasplay faults are clearly imaged by seismic profiles, and the existence of a high pore pressure zone along the deep portion of the megasplay fault has been documented (Park et al. 2002) . In addition, Park et al. (2010) show the low-velocity zone beneath the accretionary prism extending from the deformation front of the Nankai Trough to the outer ridge. Tsuji et al. (2014) showed that the distribution of the megasplay fault is related to the high pore pressure zone. These studies support the hypothesis of a close relationship between fault behavior and pore pressure in megasplay faults in subduction zones.
However, the involvement, transfer, and flow rate of fluid during and after movement along a megasplay fault have not yet been assessed. Since the formation of cracks due to faulting generates pathways for fluids inside the accretionary prism, their origins and distributions are thought to greatly influence the fluid flow and pore pressure. Therefore, it is important to understand the record of fluid flow in seismically active fault zones.
In this study, we investigated the record of fluid-rock interaction by applying geochemical analysis to the fault rocks of the Nobeoka Thrust in the Shimanto accretionary complex, Japan, which is presumed to be an inland analog of a megasplay fault in a subduction zone setting. From this research, we aim to clarify the fluid volume that likely reacted with fault rocks and the role that the megasplay fault plays in fluid flow in fault zones and subduction zones.
Geological setting and borehole core lithology

Geological setting
The Nobeoka Thrust in Kyushu, southwest Japan, is a low-angle thrust that subdivides the Shimanto accretionary complex in Kyushu into northern (Cretaceous and Paleogene) and southern (Paleogene) subbelts (Fig. 1a) . The hanging wall and the footwall of the Nobeoka Thrust are composed of different lithologies and metamorphic grades, and their maximum burial temperatures estimated from vitrinite reflectance analysis are approximately 320-330°C and 250-270°C, respectively. Murata (1998) suggested that the Nobeoka Thrust dips~10°N-NE, and, assuming that the temperature gap between the hanging wall and footwall was formed by displacement along the fault, the total displacement is estimated to be~10 km, which is based on the dip of the Nobeoka Thrust and a pre-thrusting geothermal gradient of 28-47°C/km (Kondo et al. 2005) . It is presumed from the thermal structure that the Nobeoka Thrust is a megasplay fault activated in the deep part of a seismogenic zone.
The hanging wall of the Nobeoka Thrust is part of the Eocene Kitagawa Group, a largely phyllitic unit.
However, in places, sandstone and shale layers are evident (Kondo et al. 2005) . In the hanging wall, within the range of 50 m from the PSZ, shear zones composed of cataclasite (in part, pseudotachylyte formed subsequent to implosion breccia) along with quartz, calcite, and ankerite veins are observed every several tens of a b c Fig. 1 Geologic setting of the Nobeoka Thrust. a Geologic setting of the Nobeoka Thrust and distribution of the Shimanto Belt in southwest Japan. b A simplified geologic map of the Shimanto Belt in northeast Kyushu, modified from Murata (1998) . c Geologic map of the studied area and the locality of the drilling site (dot) for the hanging wall of the Nobeoka Thrust (modified from Kondo et al. 2005; Kimura et al. 2013; Hamahashi et al. 2013 ) Hasegawa et al. Progress in Earth and Planetary Science (2019) 6:36 centimeters to several meters (Okamoto et al. 2006 (Okamoto et al. , 2007 . The mineral vein formation temperature using H 2 O-CH 4 fluid inclusions is estimated to be~230-260°C and the pore pressure is estimated to be~175 MPa. The number of cumulative shear planes and the amount of strain increases toward the PSZ .
In the coastal outcrop of the Nobeoka Thrust, the principal slip zone (PSZ) is approximately 20-40 cm thick. It contains sandstone and quartz vein clasts and is highly deformed compared to surrounding rocks. The rocks in the coastal outcrop have been multiply deformed, and it is difficult to decipher their deformational history. However, slickenlines within the PSZ show top to the SSE, the same as those in the hanging wall and footwall. This slip direction is regarded as the shear sense for the main thrust (Kondo et al. 2005) . Fukuchi et al. (2014) measured illite crystallinity and illite peak intensity using bulk samples taken from a borehole. The results of Fukuchi et al. (2014) indicate that plagioclase breakdown was accompanied by local hydrothermal alteration and formation of white mica (i.e., illite) along the PSZ.
The Eocene-Oligocene Hyuga Group comprises the footwall of the Nobeoka Thrust. The lithology of the Hyuga Group near the thrust is mélange consisting of sandstone and basalt blocks and the remnants of volcanic ash layers in a shale matrix (Kondo et al. 2005) . At the coastal outcrop of the Nobeoka Thrust,~20 m beneath the PSZ of the Nobeoka Thrust, a zone,~0.1-3 m-thick, of cataclasite with random fabric is observed. In the range of 20-50 m from the PSZ, N-S striking shear planes with top to the SSE slip directions are key components of a composite planar fabric. Within the shear zone, mineral fillings within opening (mode I) and shearing (modes II and III) cracks include quartz, calcite, and ankelite. Such infillings imply that the redox state of fluids passing through the shear zone changed during the earthquake cycle (Yamaguchi et al. 2011) . Among these mineral veins, mode I cracks apparently formed after seismic slip events (Otsubo et al. 2016; Kawasaki et al. 2017) . In addition, a model for calculating the timescale of occlusion of quartz veins was developed (Saishu et al. 2017) . From this research, the timescale required for formation of a quartz vein near the Nobeoka Thrust and the seismic cycle of the Nankai Trough were found to be similar. In addition, since the temperature obtained from the fluid inclusions (Kondo et al. 2005 ) is higher than the temperature obtained from vitrinite reflectance (Sakaguchi 1999; Ohmori et al. 1997) , warm fluid at a temperature higher than that of the host rocks must have moved through the shear zone (Kondo et al. 2005) . Hence, the shear zone of the Nobeoka Thrust was formed in a place where fluids existed in abundance.
Borehole core sample A borehole core was excavated from the outcrop east of the Nobeoka Thrust by the Nobeoka Thrust Drilling project (NOBELL) in 2011 (Figs. 1b, c and 2) . Over the 255 m of recovered borehole core, the hanging wall (Kitagawa Group) reaches to a depth of 41.3 m, the PSZ corresponds to depths of 41.3 to 41.8 m (Fig. 2) , and the footwall (Hyuga Group) extends from the 41.8 m to 255 m. The footwall block from 41.8 to~80 m experienced considerable deformation, and at depths > 80 m underwent even stronger deformation compared to the hanging wall. Fault breccia and fault gouge often occur in the footwall. Hamahashi et al. (2013 Hamahashi et al. ( , 2015 carried out structural, geophysical logging, and physical property (resistivity, porosity, P-and S-wave velocities) analyses of the borehole. The deformation style is regulated by lithology and physical property contrasts and revealed that fault zones of various thicknesses exist throughout the borehole. In addition, studies to determine changes in metamorphism, porosity, and rock strength with increasing burial a b Fig. 3 Internal structure of the PSZ. a A photograph of polished slab of the PSZ. Polished slab is 24 cm long and 5-7 cm wide. Blue square shows the area of the sketch (Fig. 2b) . depth from triaxial compression tests using the hanging wall and footwall samples have been undertaken (Kitajima et al. 2017) . Also, changes in the directions of the principal stress axes before and after movements along the Nobeoka Thrust were detected by paleostress analysis (Kawasaki et al. 2017) .
In this study, we focus on the PSZ as an end member of large-slip fault rock in the Nobeoka Thrust. We also describe a typical minor, possibly small-slip fault located at a depth of 154.75 m (Fig. 2) , which bounds adjacent foliated cataclasite and brecciated zone (Hamahashi et al. 2015) .
Methods/Experimental
Structural observation A polished slab was prepared by dividing the upper, highly deformed 20 cm of the 50 cm thick PSZ (depth 41.3-41.8 m) into three sections in the longitudinal direction and polishing one third of the central part with #800 grit (Fig. 3 ). In addition, thin sections were also prepared from the opposite side of polished slabs, as well as a minor fault located at a depth of 154.75 m (Fig. 2) . By using these polished slabs and thin sections, we carried out microstructural observation.
Microtextural observation (SEM) and chemical mapping (EPMA)
We performed microtextural observation by using the FE-SEM (Hitachi High Technologies S-4800) installed at the Atmosphere and Ocean Research Institute (AORI), the University of Tokyo, Japan. An Electron Probe Microanalyzer (EPMA, JEOL JXA-8900), also installed at the Atmosphere and Ocean Research Institute, was used for element mapping of the thin sections. Chemical mapping analyses were performed on 2 cm 2 and 2 mm square carbon-coated thin sections of the fault rock within the PSZ (Figs. 4 and 6). We analyzed ten major elements, Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P, with an acceleration voltage of 15.0 kV and probe current of 1.216 × 10 −8 A.
Major and trace element composition analyses (ICP-MS and XRF)
Powdered samples taken from the borehole core and rock chips prepared for thin sections were analyzed for major and trace element compositions. Micro-sampling was carried out on the rock chips using a micro-milling apparatus equipped with a single-crystal diamond bit (GEOMILL 326) installed in the Kochi Core Center (KCC). Typically about one milligram of rock powder was collected by GEOMILL 326. We focused on the PSZ and the minor fault within the footwall of the Nobeoka Thrust ( We performed acid digestion and inductively coupled plasma-mass spectrometry (ICP-MS) analysis on powder samples. First, the powdered sample was decomposed with HNO 3 and HF at 120°C and evaporated to dryness. Subsequently, HClO 4 was added to the dried sample and evaporated to dryness at 180°C, and then HNO 3 (6 M) was added to the dried sample and evaporated again. The dried sample was finally dissolved with a mixed acid composed of 0.15 M HNO 3 and 0.015 M HF containing 10 ppb indium internal standard. Concentrations of major and trace element concentrations were determined by ICP-MS (Agilent technology 7700x) at KCC.
The concentration of SiO 2 was not directly measurable by ICP-MS because of volatilization of SiF 4 during HF-HNO 3 digestion. However, the size of the sample collected with the micro-milling process was too small to be analyzed by X-ray fluorescence (XRF). Therefore, we estimated the SiO 2 value as follows. We measured major element concentrations (SiO 2 , TiO 2 , Al 2 O 3 , Fe 2 O 3 , MnO, MgO, CaO, Na 2 O, K 2 O, and P 2 O 5 ) in three samples PSZ_1, PSZ_2, and PSZ_3. The sizes of each of these three samples were large enough to be analyzed by XRF (Rigaku ZSX Primus II) as well as by ICP-MS. PSZ_1, PSZ_2, and PSZ_3 were taken from the polished slab of PSZ. PSZ_1 was extracted from the upper part of PSZ, PSZ_2 was taken from a section located immediately under PSZ_1, and PSZ_3 was collected from near the center of the polished slab (Additional file 1c). By dividing the major oxide concentration obtained by ICP-MS (C i ) by the value obtained by XRF (C x ), the correction factor C i /C x can be obtained. We estimated subtracting the sum of the corrected nine major oxide concentrations obtained by ICP-MS plus average water content of PSZ_1, 2, and 3, from 100 wt%.
Results
Microstructure of PSZ
Visual inspection of a polished slab of the PSZ revealed particle size reduction of sandstone clasts (Figs. 2 and 3) . Additionally, the PSZ exhibits the structure of a weekly foliated cataclasite. The weekly foliated cataclasite is truncated by a sharp shear plane (thickness of 1.0-1.5 mm) adjacent to a blackened zone (thickness of~7.0 mm) (Fig. 3) . The shear plane dips steeper (30°eastward) than the surrounding weekly foliated cataclasite, and the orientation is consistent with the dominant orientation of the shear planes developed in the footwall. In the upper part of the PSZ, closer to the shear plane, the weakly developed foliation changes from high to low angle. Fragments in the weakly foliated cataclasite are mainly composed of quartz and have a uniform particle size regardless of the distance from the sharply defined shear plane.
Pseudotachylyte
The filling material of the sharply defined shear plane has characteristic features of melt-origin pseudotachylyte (Fig. 3) . Hereafter, we use "pseudotachylyte" for the Hasegawa
material filling the shear plane and describe its textural and chemical features.
Pseudotachylyte is approximately 1.2-1.5 mm in thickness and has a well-defined boundary with the surrounding blackened zone (Fig. 4a) . The matrix of the pseudotachylyte shows extremely bright color compared to the surroundings: yellow to orange and in some places brown to black color. This color variation reflects the development of flow texture. A large number of fragments having a major axis of 100 μm or less are present in the pseudotachylyte (Fig. 5a, b) . Relatively large fragments, i.e., particle sizes of several hundred micrometers, are uncommonly included in the pseudotachylyte. A lenticular-shaped quartz fragment and quartz grains surrounding the pseudotachylyte were intensively cracked without showing any offsets across the cracks (Fig. 5b) , suggesting that these quartz grains experienced a short-time heating/cooling event to form thermal cracks.
As a result of SEM image observation and EPMA element mapping on the pseudotachylyte, we determined that quartz particles selectively remained in the shear plane, but particle sizes are obviously smaller in the pseudotachylyte compared to other parts of the PSZ (Fig. 6d) . Fe-rich particles with sizes of approximately 10-20 μm in diameter are scattered throughout pseudotachylyte (Figs. 5c, d and 6d ). In addition, embayment structures are observed in quartz particles, which are surrounded in concentrically shaped cracks (Fig. 5c, d) . The EPMA element maps of Al (Fig. 6a) , K (Fig. 6b) , and Mg (Fig. 6c) reflect the presence of flow texture and residual phyllosilicate particles within the pseudotachylyte matrix, while the distribution of Mg is complementary.
Geochemical features
Element mapping revealed that a reduction of Mg and Na and a slight enrichment of K and Al occurred in the blackened zone compared with the weakly foliated cataclasite (Fig. 4b) . In the blackened zone, Mg and Ca are locally more concentrated than in the weakly foliated cataclasite. In the pseudotachylyte, an increase of Mg and a decrease of Ca, Na, K, and Al are evident. The decrease of Na is more pronounced than in the blackened zone. In addition, regions of concentration Si are scattered. However, from the result of more magnified element mapping of the pseudotachylyte, there are some areas where Al and K are concentrated in the shear plane, and these regions appear to define a flow-like pattern. In contrast, reduction of Mg concentration parallels the increase in Al and K (Fig. 6a-c) .
Major and trace element compositions obtained in this study are summarized in Additional file 2: and Additional file 3. By plotting the content of each major and trace element against Zr concentration, we estimated compositional deviations for the pseudotachylyte and the blackened zone samples relative to the host rocks, by following the method developed by Hamada et al. (2011) . Because Zr is depleted in quartz and feldspars but enriched in clay-rich matrix, the chemical variation of sediments caused by varied mixing ratio between sandy and argillaceous components generally forms a systematic linear trend in the element versus Zr diagram. Zr is also known to be fluid-immobile, thus useful for estimating the original composition of the rock that has undergone fluid-rock interactions. First, we estimated "expected" source rock compositions of the pseudotachylyte and the blackened zone by calculating the concentration at a given Zr concentration for each sample along the regression line (black line of Fig. 7a-d ) of the host rock composition. We then normalized the compositions of pseudotachylyte and blackened zone material with respect to their expected values. Figure 7e shows the enrichment or depletion of elements in pseudotachylyte and blackened zone relative to these expected values.
(See figure on previous page.) Fig. 7 Major and trace element composition of the PSZ and a minor fault. (a-d, f-i). Li, Rb, Sr, and Cs concentrations plotted against Zr concentration for the pseudotachylyte and blackened zone in PSZ (a-d) and a minor fault in the footwall (f-i). The regression line defined by the host rocks concentrations. e, j Major and trace element compositions of pseudotachylyte and blackened zone (e), and footwall minor fault (j) with respect to the expected value calculated by element compositions of host rock. The relative concentrations from the expected value were calculated as follows: [(concentration of fault rock − expected value)/expected value] Although deviations from host rock compositions are not as large as those for pseudotachylyte (PT), enrichment of Ca, Li, Cu, and Sr and depletion of Na is evident for samples analyzed from the blackened zone (PT_BZ). In pseudotachylyte, enrichment of Fe, Mn, Mg, Li, and Cs, depletion of Ti, Al, Ca, K, and P, and all trace elements except W were obtained. Notably, in pseudotachylyte, the concentration of Mg is roughly 3.8-5.5 times and Cs is 4.0-7.1 times larger than that of the host rock.
Major and trace element compositions of the analyzed minor fault in the footwall show similar geochemical behavior as observed in the pseudotachylyte of the PSZ (Fig. 7j) . In this setting, Cs concentration is 4.6 times that measured in the host rock.
Discussion
Comparison with previous researches
Fluid-rock interactions along the Chelungpu fault, Taiwan, were investigated by Ishikawa et al. (2008) , while the Emi accretionary complex, Boso, the Kure Mélange of the Shimanto belt, and the Pasagshak Point thrust in the Kodiak accretionary prism were studied by Hamada et al. (2011 ), Honda et al. (2011 , respectively. Table 1 compares the element redistribution patterns derived from this work to those obtained from previous researches. The tendency for the concentrations of Li, Rb, and Cs to be reduced while the concentration of Sr is increased in the previous studies reflects the fact that Li, Rb, and Cs are easily dissolved from sediments in fluids above 350°C. In contrast, as shown by the results of hydrothermal experiments using sediments (You et al. 1996) , Sr is incorporated into rocks. This tendency tracks increases in pore fluid temperature due to frictional heating and generates thermal pressurization. On the other hand, in the PSZ of the Nobeoka Thrust, the increase in Li and Cs and the reduction of all other elements, and, in particular, an approximately sevenfold increase of Cs, is characteristic (Fig. 7) . Although this result is different from that obtained in previous studies, it is in agreement, in terms of increasing Li concentration, with Yamaguchi et al. (2014) . Regarding the enrichment of Li, Yamaguchi et al. (2014) estimate that reactions with fluids containing a high content of Li occurred at seismogenic depths. In this study, it is suggested that Li and Cs are concentrated due to the similarity of temperatures experienced by the Kodiak accretionary complex and the Nobeoka Thrust. Such element redistribution patterns are considered to be markers of past fluid flow events.
Estimation of composition of fluid that reacted with pseudotachylyte
Data presented earlier suggest that changes in elemental concentrations occurred by an influx of fluid into the fault rock containing pseudotachylyte. To identify the timing at which the reaction and influx of fluid occurred, the following five possibilities were examined: (1) coseismic fluid infiltration and reaction with fine-grained comminuted particles prior to the formation of frictional melt, (2) coseismic reaction and fluid infiltration at the time of frictional melting, (3) postseismic reaction and fluid infiltration into glassy matrix after the formation of pseudotachylyte, (4) postseismic reaction and fluid infiltration with devitrified clay matrix immediately after (3), and (5) reaction and fluid infiltration after cessation of movement on the Nobeoka Thrust and its erosional exhumation. Among these five possibilities, since the spike of Li and Cs occurs also in the minor fault in the footwall where frictional melting did not occur, the possibility of (2) and (3) are excluded. In addition, since the elemental redistribution pattern commonly found in the pseudotachylyte and footwall minor fault is not observed in the blackened zone and the weakly foliated cataclasite in the PSZ, the possibility of (5) is unlikely. Therefore, the fluid infiltration producing the reaction resulting in the increase in Li and Cs concentrations is assumed to have occurred prior or after formation of the pseudotachylyte (i.e., (1) or (4) above). In order to estimate the concentrations of Li, Rb, Sr, and Cs in the infiltrating fluid under the conditions of (1) or (4), we completed the following exercise. First, assuming that reaction equilibrium is established between the infiltrating fluid and the fault rock, the concentration of an element in the fault rock after the reaction is represented by
where C f0 is the concentration of the trace element in the fluid prior to the reaction, C s is the concentration of the trace element of the fault rock after the reaction, C s0 is the concentration of the trace element in Table 2 Comparison of trace element composition in Okinawa Trough, Guaymas Basin (Gamo 1995) , Escanaba Trough (Campbell et al. 1994) , and Nankai Trough (Nishio et al. 2015) Okinawa Fig. 9 Comparing with C f0 value and modern pore fluids sampled from various settings. Vertical axis shows C f0 values. Green, blue, and red diamond shows C f0 values at temperatures of 250, 300, and 350°C, respectively. Four black lines show concentrations of interstitial fluid at MidAtlantic Ridge (Campbell et al. 1988) , Juan de Fuca Ridge (Butterfield et al. 1994) , Escanaba Trough (Campbell et al. 1994) , and Nankai Trough (Nishio et al. 2015) , respectively the host rock prior to the reaction, R is the fluid/rock mass ratio, and D is the distribution coefficient (D = C s /C f ) (Ishikawa et al. 2008 ). Isolating C f0 results in
The value of the partition coefficient D of each element depends on the temperature, and according to Ishikawa et al. (2008) , the value estimated from data at 250°C, 300°C, and 350°C in the hydrothermal experiments by You et al. (1996) can be used. The value of the fluid/rock ratio R was varied from 0.1 to 10,000 with respect to D at each temperature, and the value of the trace element concentration C f0 in the fluid before the reaction was modeled (Fig. 8) . As a result, the concentrations of Rb in the fluid that had reacted with pseudotachylyte at 250°C, 300°C, and 350°C showed a positive value when the R value was 522, 216, and ≥ 24, respectively. These results indicate that in the pseudotachylyte, the reaction occurred under the influence of a large amount of infiltrating fluid. For example, R is > 522 at 250°C, > 216 at 300°C, and ≥ 24 at 350°C. On a short timescale of several seconds, e.g., from the start of faulting to the occurrence of frictional melting and heating (possibility (1)), it is extremely difficult for such a large amount of fluid to react with a fault rock. Therefore, the fixation of Li and Cs must have occurred as the result of fluid flowing through the pseudotachylyte, which was partially devitrified after faulting, and the granular zone of the minor fault in the footwall (possibility (4)).
However, the value of the partition coefficient used to perform this calculation was derived from hydrothermal experiments on the muddy sediments of the Nankai Trough reported by You et al. (1996) , and this value can take on quite different values depending on the mineral phase contained in the rock. At present, examples of hydrothermal experiments using such sediment reported in the literature are restricted to You et al. (1996) and James et al. (2003) , and there is no experimental data exceeding 350°C. Therefore, in the future, it will be necessary to further determine the partition coefficient of each mineral from the hydrothermal experiment including the higher temperature range in order to further improve the accuracy of research estimating fluid-rock interactions.
Character of fluid that reacted with fault rock containing pseudotachylyte From Fig. 8 , it can be recognized that the C f0 values of Li, Rb, Sr, and Cs estimated from the composition of pseudotachylite converge to a fixed value when R ≥ 1000. The value of C f0 at R = 1000 was compared with the concentration of fluid obtained from the Okinawa Trough, Guaymas Basin (Gamo 1995) , Escanaba Trough in the southern part of the Gorda Ridge (Campbell et al. 1994) , and the Nankai Trough (Nishio et al. 2015) ( Table 2 ). The Okinawa Trough, Guaymas Basin, and Nankai Trough are covered by thick sections of terrigenous sediments, and samples were taken from erupted hydrothermal fluids. The fluid sample from the Nankai Trough was taken from the pore water within a borehole core sample drilled through a mud volcano. As a result, Fig. 10 Estimation of fluid volume that reacted with fault rock containing pseudotachylyte. Fault displacement of pseudotachylyte was estimated from a plot of fault thickness vs. displacement (Di Toro and Pennacchioni 2005) . Fault length was estimated from fault displacement by the plot of fault displacement and length (Kim and Sanderson 2005) . The fault area was assumed to be the square of the fault length, and the volume was calculated by multiplying the fault area by the thickness. Finally, the fluid volume was calculated from the calculated volume using the R value (1000 for simplicity) and the density of the fault rock in the Nobeoka Thrust, Li concentrations (C f0 ) in the fluid are similar or relatively higher, and Cs concentrations (C f0 ) are clearly higher than those in other regions (Fig. 9) . Therefore, we conclude that pseudotachylyte reacted with a Li-and Cs-rich fluid.
Hydrothermal alteration of pseudotachylyte
Regarding the concentrations of major elements in the pseudotachylyte, the concentrations of Mg, Mn, and Fe are increased compared to the host rock, and in particular Mg and Fe enrichments are presumed to be caused by a concentration of clay minerals. It is presumed that the increase of clay minerals in pseudotachylyte and the concomitant concentration of Mg, Fe, and Cs, along with the almost homogeneous decrease of the concentrations of Ti, Sc, Cr, Y, Nb, REE (La-Lu), Hf, and Th, is likely the result of the mass addition of Mg, Fe, and H 2 O during intense hydrothermal alteration. Similarly, pseudotachylyte in the hanging wall shear zone of the Nobeoka Thrust is, compared to the host rock, enriched in Mg, Al, and Fe and contains palygorskite (Okamoto et al. 2006) . Pseudotachylyte within the hanging wall shear zone is characterized by a chemical composition similar to that obtained for pseudotachylyte analyzed during this research. Therefore, it is possible that pseudotachylyte analyzed during this study also was hydrothermally altered after faulting, not only within the PSZ, but also in the hanging wall shear zone.
Estimation of fluid volume
Here, we estimate fluid volume that had reacted with the fault rock based on pseudotachylyte volume estimated by empirical relationships among pseudotachylyte thickness, fault displacement, fault length (Di Toro and Pennacchioni 2005; Kim and Sanderson 2005) , and fluid/rock ratio. Pseudotachylyte in the PSZ of the Nobeoka Thrust PSZ is contained within the~1.5 cm-thick blackened zone and is~1.2-1.5 mm in thickness. Meanwhile, the displacement of a 1.4-1.5 mm thick layer of pseudotachylyte within the Gole Larghe fault in Italy, formed at depths of 9-11 km and temperatures of 250-300°C, was 200-1170 mm (Di Toro and Pennacchioni 2005) . Assuming that pseudotachylyte in the Nobeoka Thrust PSZ has similar thicknessdisplacement relationship as that of the Gole Larghe fault, the displacement (d) of the pseudotachylyte is also roughly estimated to be 200-1170 mm since the thickness (t) of pseudotachylyte in the Nobeoka Thrust PSZ was 1.2-1.5 mm. There is an empirical relationship between fault length and fault displacement. Kim and Sanderson (2005) showed that the relationship of fault displacement (u)/fault length (L) for a thrust fault is roughly 10 −1 -10 −2 . Assuming a similar value for the Nobeoka Thrust, and a u value of 200-1170 mm, it is estimated that L is 2.0 × 10 2 -1.170 × 10 5 mm. The fault area, S, is the square of L. Therefore S is 2.0 2 -117 2 m 2 and t is 1.2-1.5 mm. The volume V of the fault rock is 4.8 × 10 −3 -2.05 × 10 1 m 3 . We assumed that the water/rock ratio, R, is 522, 216, and ≥ 24 at the fluid temperatures of 250°C, 300°C, and 350°C, respectively. As noted earlier, the concentration of Li, Rb, Sr, and Cs in the fluid, C f0 , converges to a fixed value when R ≥ 1000, so the following consideration implies R is 1000. Assuming that the density d of the fault rock containing pseudotachylyte is 2.7 g/cc ) and the density of the fluid is 1.0 g/cc, the minimum volume of the fluid that had reacted with the fault rock is V × R/d = 1.78 × 10 0 m 3 (L = 2.0 m, t = 1.2 mm). On the other hand, in the case of L = 117 m and t = 1.5 mm, it is estimated to be 7.61 × 10 3 m 3 at the maximum (Fig. 10) .
Fluid reservoirs
Fluid that reacted with the Nobeoka Thrust PSZ and the minor fault in the footwall probably was supplied from the following two reservoirs: (1) the fault was connected to a fracture network that was temporally linked to a fluid source of deep origin and (2) fluid was supplied from the pores within the footwall mélange (Fig. 11) . In the case of (1), the volume of the fluid that reacted with the pseudotachylyte is estimated to be 1.78 to 7.61 × 10 3 m 3 , which is equal to the minimal volume of the potential fluid reservoir. The results of a seismic reflection survey (Park et al. 2002 ) and a waveform tomographic study (Tsuji et al. 2014) suggest that the scale of a high pore pressure zone in the deep portion of the megasplay fault of the Nankai Trough extends on the order ofk m, both horizontally and vertically. Therefore, a fluid reservoir with a minimum value of 1.78 to 7.61 × 10 3 m 3 along the deeper portion of the Nobeoka Thrust is plausible. In the case of (2), the footwall mélange (41.3-80 m) has a minimum porosity (φ) of 7.6% according to geophysical logging data ). This porosity is maintained to a depth of 255 m, the bottom of the borehole core sample (Hamahashi et al. 2015) . Assuming that the fluid was supplied from the pores in the mélange to the fault rock, the thickness of the feeder zone (D f ) is estimated from the following equation:
where R, t, and φ are water/rock ratio, pseudotachylyte thickness, and porosity, respectively. When t = 1.2 mm, R = 1000, and φ = 7.6%, D f can be estimated to be 15.79 m, and when t = 1.5 mm, D f is estimated to be 19.74 m. From the geophysical logging data of NOBELL, the porosity is nearly constant down to hundreds of meters below the PSZ (Hamahashi et al. 2015) ; therefore, the value of D f is well within the allowable range.
In spite of the large volume of the fluid, element redistribution is only recorded in the fault rocks, not in the host mélange. This fact suggests that the postseismic fluid infiltration occurred on a relatively short time scale: i.e., glassy, reactive pseudotachylyte was devitrified but low-reactive host mélange was not affected. Such an abrupt postseismic fluid discharge proposed in this study is consistent with the results of studies on veins along the Nobeoka Thrust (Yamaguchi et al. 2011; Otsubo et al. 2016; Kawasaki et al. 2017; Saishu et al. 2017) . Such a fluid flow pattern is expected in the modern megasplay fault at~5 km below the seafloor of the Nankai Trough.
